ABSTRACT The quantum efficiency of photosynthetic energy conversion was investigated in isolated spinach chloroplasts by measurements of the quantum requirements of ATP formation by cyclic and noncyclic photophosphorylation catalyzed by ferredoxin. ATP formation had a requirement of about 2 quanta per 1 ATP at 715 nm (corresponding to a requirement of 1 quantum per electron) and a requirement of 4 quanta per ATP (corresponding to a requirement of 2 quanta per electron) at 554 nm. When cyclic and noncyclic photophosphorylation were operating concurrently at 554 nm, a total of about 12 quanta was required to generate the two NADPH and three ATP needed for the assimilation of one CO2 to the level of glucose.
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Few areas of photosynthesis have received more intensive theoretical and experimental study and generated more controversy than the efficiency with. which photosynthetic cells convert the electromagnetic energy of light into chemical energy (for review, see refs. 1 and 2). Two different concepts, never reconciled during the lifetimes of their main protagonists, emerged from the many investigations. One concept, espoused by Warburg et al. (3) , was that photosynthetic quantum conversion has an efficiency of about 90%-i.e., that energy equivalent to that of 3 einsteins of red quanta (42 kcal each) is sufficient to liberate 1 mol of 02 (corresponding to 1/6 mol of glucose, for which AGO' = 686/6 = 114 kcal). In contrast, Emerson (4) and his followers (5) concluded that photosynthetic efficiency was much lower, of the order of 8 to 12 quanta per 02, a range that is widely accepted today even though values less than 8 have, at times, been obtained by investigators (6, 7) who did not share Warburg's conclusions.
Most studies of photosynthetic quantum efficiency were based on measurements of light-induced production of 02 (corrected for concurrent respiration) during complete photosynthesis by whole cells, usually unicellular algae of the Chlorella type. Discordant results were attributed to experimental variables such as errors in methods (usually manometric) of 02 measurement, variations in the concurrent 02 consumption by respiration, participation of respiratory intermediates in photosynthesis, need for supplementary (catalytic) illumination, and nutritional history, age, and physiological status of the cells (1) (2) (3) (4) (5) . Left unchallenged, however, was the main (and, to us, dubious) premise underlying these studies with whole cells-namely, that the photoproduction of 1 mol of 02 always corresponds to the assimilation of 1 mol of CO2 to the level of glucose and that, therefore, 02 evolution is a reliable measure of the total amount of chemical energy stored.
A different perspective and experimental approach to the question of photosynthetic quantum efficiency emerged from studies of photosynthesis by isolated chloroplasts in which the process was physically separated into a light phase concerned with cyclic and noncyclic photophosphorylation and a "dark," enzymatic phase concerned with the assimilation of CO2 (8) .
Fractionation of chloroplasts (9) [2] in which Fd0, is oxidized ferredoxin and Fdred is reduced ferredoxin.
Reduced ferredoxin, an iron-sulfur protein electron carrier with a reducing power (Eo' = -420 mV) equal to that of molecular hydrogen (17) , serves directly as a reductant in some reactions but for CO2 assimilation in plants the reductant is NADPH (E ' = -320 mV) which is formed enzymatically (18, 19) [3] reductase ATP is a product of both cyclic and noncyclic photophosphorylation (Eq. 1 and Eq. 2) which, according to recent evidence, may proceed concurrently in isolated chloroplasts (20, 21) . Thus, the quantum efficiency of light-induced ATP formation by isolated chloroplasts provides a direct and reliable index of the efficiency with which photon energy is converted into chemical energy during photosynthesis.
An argument against measurements of photosynthetic quantum efficiency in isolated chloroplasts is that isolation procedures may damage the photosynthetic apparatus and
The costs of publication of this article were defrayed in part by the payment of page charges from funds made available to support the research which is the subject of the article. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. (20, 21) that further documented the role of ferredoxin as the native catalyst of cyclic photophosphorylation (13, 14) The reliability of the incident light intensity measurements was also confirmed through measurements of light intensity by chemical actinometry (at 420-nm) with the potassium ferrioxalate actinometer of Hatchard and Parker (24) . The fraction of incident monochromatic illumination absorbed by chloroplasts was measured in each quantum efficiency experiment with a large Ulbricht integrating sphere (50-cm diameter) in a manner similar to that described by Warburg and Krippahl (25) . An RCA 6217 photomultiplier tube served as the light detector inside the sphere; the photomultiplier output was measured outside the sphere with a digital voltmeter (Hewlett-Packard model 3440A). Monochromatic illumination to the sphere was provided by a light beam that was isolated by using the same interference filters used in providing actinic monochromatic illumination to the reaction mixtures.
Analytical Procedures and Reagents. Chlorophyll and NADPH were determined as described (23, 26) . ATP was measured by the method of Hagihara and Lardy (27) . Ferredoxin was isolated either from spinach leaves (28) or from the blue-green alga Spirulina maxima (29) . NADP+ and ADP were purchased from the Sigma Chemical Co. (St. Louis, MO). RESULTS Quantum Requirements of Cyclic Photophosphorylation at 715 nm. Cyclic photophosphorylation in vivo occurs in chloroplast lamellae that are in contact with the stroma fluid that contains dissolved 02 but in vitro the process traditionally has been investigated under anaerobic conditions, for reasons that are discussed elsewhere (8, 20) . Recently (20) , when ferredoxin-catalyzed cyclic photophosphorylation by isolated chloroplasts was investigated under the more physiological aerobic conditions, it was found to have several distinct features, including a low ferredoxin requirement. Cyclic photophosphorylation was optimally catalyzed by the same low concentrations of ferredoxin (10 ,gM) that are required for NADP+ reduction, concentrations much lower than those previously used (100 ,M) for cyclic photophosphorylation under anaerobic conditions (30) .
Another feature of ferredoxin-catalyzed cyclic photophosphorylation in the presence of 02 is its sensitivity to overreduction by electrons released by photosystem II from water (20) . Experimentally, one way to poise the system and prevent overreduction is to use 715-nm illumination, a wavelength that activates photosystem I but not photosystem II (14, 31, 32) . Illumination by 715-nm light generated only a "trickle" electron flow from water, just adequate to maintain the proper poising in the presence of 02 (20) . As cyclic photophosphorylation is driven by photosystem I (14, 32) , the use of 715-nm illumination that is absorbed almost exclusively by photosystem I offered a great experimental advantage for obtaining the minimal quantum requirements for ATP formation by cyclic photophosphorylation. The fraction of 715-nm light absorbed by photosystem II (and the resulting electron trickle) is so small that it can be disregarded (14, 20 (33) (34) (35) (36) (37) (38) (39) (40) indicates that the quantum requirements for electron transport are 1 quantum per electron in far-red light (e.g., 715 nm) that activates photosystem I and 2 quanta per electron under short-wavelength illumination (e.g., 554 nm) that activates photosystems I and II. The observed requirement of two 715-nm quanta per ATP is consistent with the concept that the formation of one ATP involves a lightinduced transfer of two electrons via photosystem I and that cyclic photophosphorylation has only one site of ATP formation.
Quantum Requirements of Cyclic Photophosphorylation at 554 nm. We have recently reported (20) that under shortwavelength monochromatic illumination (equivalent to white light as far as the photooxidation of water is concerned) the operation of ferredoxin-catalyzed cyclic photophosphorylation was greatly stimulated either by the addition of NADPH or by the addition of the well-known inhibitor of photosystem II, Experimental conditions not otherwise specified were as in Table 1 . 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU). The effect of NADPH was unexpectedly found to be similar to that of DCMU in poising the system by restricting electron flow from water. The mechanism of NADPH action was found to be a reduction of C-550 (20) , a chloroplast component (41) that, from an operational point of view, acts as an electron acceptor in the reaction center of photosystem 11 (42) .
We consider this back electron flow from NADPH via ferredoxin to (>550 to be the physiological poising mechanism that triggers the operation of cyclic photophosphorylation alone in situations when excess ATP (but not reducing power) is needed; NADPH would then tend to accumulate (20, 21) . Such a situation would arise, for example, during protein synthesis, when ATP is required for the activation of amino acids by amino acyl synthetases to form amino acid adenylates.
Experimentally, the poising effect of NADPH is replaceable by DCMU or, as already discussed, far-red monochromatic light. A comparison of the stimulatory effects of NADPH and DCMU on cyclic photophosphorylation is given in Fig. 1 . The action of NADPH was in the main similar and additive to the action of DCMU. In the absence of DCMU, the addition of NADPH more than doubled the rate of cyclic photophosphorylation. At lower concentrations of DCMU, the addition of NADPH gave a further substantial increase in photophosphorylation but at higher concentrations, DCMU alone was more effective than the combination of DCMU and NADPH. When the system was optimally poised by DCMU alone, the addition of NADPH was inhibitory.
The beneficial poising effect of NADPH and DCMU on cyclic photophosphorylation was reflected in lower quantum requirements. About 10 quanta per ATP were required in the unpoised system, 6 quanta in the presence of NADPH, and 4 quanta in in the presence of DCMU (Table 3 ). In these experiments, optimal poising and the lowest quantum requirement were obtained with the concentration of DCMU used. The concentrations of NADPH and DCMU needed for optimal poising varied seasonally, depending on the relative activity of photosystem II.
When cyclic photophosphorylation was optimally poised, 4 quanta per ATP represented the lowest quantum requirement for cyclic photophosphorylation at 554 nm. Based on the premise that the formation of one ATP involves the transfer of Biophysics: Chain and Amon Table 3 . Effect of NADPH and 3- (3,4-dichlorophenyl)-1,1 Experimental conditions as in Table 1 (554-nm illumination) except that 2.5 mM NADPH and 13 IAM DCMU were added where indicated.
two electrons, the results signify a requirement of 2 quanta per electron under short-wavelength illumination, in contrast to a requirement of 1 quantum per electron under long-wavelength illumination (Table 1) . Quantum Requirements in Concurrent Cyclic and Noncyclic Photophosphorylations. In the presence of substrate amounts of NADP+, 554-nm illumination activated simultaneously both cyclic and noncyclic photophosphorylations, a fact reflected in the excess of ATP formed over NADP+ reduced and in ATP:NADPH ratios greater than 1.0 (20, 21) . Here, the monochromatic illumination, which was well below saturation (as required for measurements of quantum requirements), was partitioned between cyclic and noncyclic photophosphoryla-*tion, each of which contributed a portion of the total ATP formed. By taking into account the total number of quanta absorbed by both systems and the total amount of ATP formed by them, we obtained a requirement of 4 quanta per ATP with chloroplasts isolated from young plants; the quantum requirement per ATP was almost twice as high with chloroplasts from old plants (Table 4) .
Thus, at 554 nm, the same requirement of 4 quanta per ATP (equal to 2 quanta per electron) was obtained, regardless whether the ATP was formed by cyclic photophosphorylation alone or by cyclic and noncyclic photophosphorylation operating concurrently. When the two systems operated concurrently, the fraction of absorbed quanta used for noncyclic photophosphorylation also generated NADPH in addition to 02 (see Table 4 and Eqs. 1-3). When cyclic photophosphorylation operated alone, the only product was ATP and the surplus photon energy that could have been used at shorter wavelengths to generate NADPH was lost.
An accurate measurement of the quantum requirement for NADP reduction was not possible because there was no direct way to segregate the quanta that were used solely in noncyclic photophosphorylation, in which NADPH is formed. Using the total number of quanta absorbed by both cyclic and noncyclic photophosphorylation, we calculated a requirement of about 6 quanta per NADPH for chloroplasts from young plants and about 8 quanta for chloroplasts from old plants (Table 3) .
With chloroplasts from young plants, these quantum requirements for a concurrent formation of ATP and NADPH add up to a requirement of 12 quanta for the generation of the NADP+ (2.5 mM) was added where indicated. Experimental conditions not otherwise specified were as in Table 1. two NADPH and the three ATP that are consumed in the assimilation of one CO2 to the level of glucose (43) . It is of interest that Egneus et al. (44) , who measured the quantum requirement for CO2 assimilation by isolated spinach chloroplasts, found a requirement of about 12 quanta per CO2 at 674 nm.
DISCUSSION
Past investigations of the efficiency with which photosynthetic cells convert light into chemical energy have usually relied on measurements of photoproduction of oxygen, in the belief that they signified the production of sugars as end-products in which the chemical energy is stored. This belief derives its justification from the photosynthetic quotient (02 evolved:CO2 fixed) being close to 1.0. But it has long been recognized that so small a variation from unity as 3%, which is well within the observed limits of reported measurements (cf. refs. 1 and 2), might indicate the formation of as much as 15% protein (45) , the synthesis of which requires much more ATP than does that of sugars. The extra ATP needed for the synthesis of proteins and other biopolymers (46) can be provided by regulation (20, 21) of ferredoxin-catalyzed cyclic photophosphorylation, a reaction that does not produce oxygen.
Oxygen evolution by whole cells is not a reliable measure of the total chemical energy derived from the photosynthetic quantum conversion process for at least two reasons. First, as just stated, 02 evolution does not reflect the photoproduction of ATP by cyclic photophosphorylation. Second, 02 evolution reflects the photoproduction of reducing power but photosynthetic cells may use the reducing power for purposes other than CO2 assimilation. For example, reduced ferredoxin and pyridine nucleotides reduce sulfite to sulfide (47) and nitrate to ammonia (48) (49) (50) . Because Chlorella cells contain (on a dry-weight basis) about 50% C and 10% N (51), just the reduction of nitrate to ammonia (a reaction that requires eight electrons as contrasted with four electrons for the reduction of C02) could account for well over a third of the total photosynthetically generated reducing power and a corresponding evolution of 02 that has no direct connection with CO2 assimilation.
The photoproduction of extra ATP by cyclic photophosphorylation and the diversion of photosynthetically generated reducing power for purposes other than CO2 assimilation may have occurred to a varying degree (and without detection) in whole cells, thereby accounting, at least in part, for the variability of results in past investigations of photosynthetic Proc. Nati. Acad. Sci. USA 74 (1977) Proc. Nat!. Acad. Sci. USA 74 (1977) 3381 quantum efficiency that relied on measurements of 02 evolution by algae. Particularly suspect in this regard would be long-term experiments that were used to bolster the validity of opposing views on the efficiency of photosynthetic conversion of energy. The long duration (up to 8 hr) of such experiments with unicellular algae (5, 52, 53 ) is equal to, or greater than, the generation time of these cells (54) and must have encompassed a wide range of biosynthetic reactions (other than carbohydrate synthesis) that used ATP and reducing power in varying proportions.;
Photosynthetic quantum efficiency can be estimated reliably only whenhe identity of the photosynthetic products and the energy requirements for their synthesis are known. Few, if any, past investigations of quantum efficiency in whole cells identified the photosynthetic products formed (other than 02) at the expense of light energy. These considerations argue in favor of isolated chloroplasts over whole cells for investigations of photosynthetic quantum efficiency. With isolated chloroplasts it is possible to determine the quantum requirements of ATP and NADPH formation regardless of how these carriers of chemical energy and reducing power (formed by cyclic and noncyclic photophosphorylation) are later used in biosynthetic reactions. Concerns over possible damage to the photosynthetic apparatus during isolation of chloroplasts and a resultant low efficiency of energy conversion are not warranted by the results of this study, in which quantum requirements in agreement with theroetical expectations-i.e., one quantum per electron at 715 nm and two quanta per electron at 554 nm-were obtained with isolated chloroplasts supplied with catalytic amounts of ferredoxin.
